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Introduction
Dietary fiber (DF) is known as having beneficial effects on the reproductive performance of pigs, it improves the oocyte maturity, embryo survival and fetal development in gilts [1] , and increases litter size and even their offspring birthweight in sows [2] [3] [4] . However in mono-gastric animal, such as human and pigs, DF could not be digested by endogenous enzymes in the gastrointestinal tract, but available as the substrate for bacterial fermentation [5, 6] . High intake of fibrous diet results high production of short chain fatty acids (SCFAs), including acetic, propionic, and butyric acid (BA) in hint gut, which are the major class of bacterial metabolites [7, 8] .
Researches have proved that BA have positive effects on regulating metabolism homeostasis, immunity of human and animals. But till now, there are no details about effects of BA on animal's reproductive physiology. Whether BA exerts the beneficial effect of DF on pig fertility remains unknown.
It was reported that, BA could inhibit histone deacetylation, influence cell proliferation, apoptosis [9] , induce neuropeptide Y (NPY) release and promote the functional homeostasis of colonic mucosa and the enteric immune system [10, 11] through the G-protein-coupled receptor 41 (GPR41) mediation. BA works as an energy source rescue colonocytes from both the deficit in mitochondrial respiration and from autophagy [12] . And, Yoo et al. (2015) indicated that BA treatment ameliorates cell proliferation and differentiation in the mouse dentate gyrus and colon T-regulatory cells [13] . Moreover, demonstrated that BA takes the effects of anti-oxidant and anti-apoptotic in hepatic ischemia/reperfusion injured mice through brain-derived neurotrophic factor (BDNF)-PI3K/Akt pathway [14] . But in neuroblastoma cells [15] and macrophages [16] , BA can activate the cyclic adenosine monophosphate (cAMP) signaling. All above indicate that, the effects of BA on animal are conducted via multiple signaling mechanisms and may differ in different organs, tissues and cells, and display different functions.
It is known that the steroid hormones progesterone (P4) and 17β-estradiol (E2) are essential for proper female sexual characters and normal reproductive function. In the ovary, steroid production is regulated by the action of gonadotropins and the activation of cAMP-dependent protein kinase and other protein kinases. The cAMP signaling is involved in most aspects of differentiation and maturation of the granulosa cells in the ovarian follicle, as well as the expression level and activity of steroidogenic enzymes of the granulosa cell. Therefore, for the primary understanding whether BA exert the beneficial effect of DF on the fertility of female pigs, we tested the effects of BA on the expression of steroidogenic genes, and the release of P4 and E2 by cultured porcine granulosa cells (PGCs).
Material and Methods
All experiments were conducted in accordance with 'the instructive notions with respect to caring for laboratory animals' issued by the Ministry of Science and Technology of the People's Republic of China.
Porcine ovaries and primary culture of granulosa cells
Porcine ovaries at the early and mid-follicular phase of the estrous cycle were obtained from healthy gilts without visible reproductive abnormalities at the local slaughterhouse of Shanghai. Ovaries were kept in 37 °C saline solution with 1% antibiotic solution (100,000 units/L of penicillin sodium and 100 mg/L of streptomycin sulfate), and then washed in D-Hanks solution with three times. Follicles (3~6 mm diameter) were dissected from ovaries, aspirated, and hemisected. The granulosa cell layer was removed by a plastic inoculation loop as previously described [17] . The disposable sterile syringes were used to draw the granulosa cells along the sidewall of follicles, after then the cells were centrifuged at 1500 rpm for 5 min in 37 °C D-Hanks with centrifuge tubes. Next, the cells were seeded in 24-well cell plates (Corning, USA) at a density of 1.0 × 10 6 cells/well [18, 19] with DMEM/F12 medium (GIBCO, Grand
Island, NY, USA) that was supplemented with 10% FBS (GIBCO, Grand Island, NY, USA), 100,000 units/L of penicillin sodium and 100 mg/L of streptomycin sulfate (GIBCO, Grand Island, NY, USA) at 37 °C in a humidified atmosphere containing 5%
CO2 for 48 h.
In both series of experiments, cells from one ovary isolation were mixed and used as one replication. Each culture we took at least 6 animals. And for confirmation the result, we repeated three times culture, thus for each experiment, we took at least 18 animals.
Granulosa cells treatment
To elucidate whether BA has toxic effect on PGCs, we did cell apoptosis assay.
PGCs were incubated in 24-well cell plates (1.0 × 10 6 cells/well for 1 mL And the result showed that 5 mM and 10 mM BA did not influence the live, early apoptotic, late apoptotic, dead and total apoptotic of PGCs ( Fig. 1 A, B and C). Thus we took 5 mM and 10 mM as non-toxic doses in following trial. Inter-assay CV < 5.5%) were used to detect the cell supernatant (24 h) with ELISA method.
BA (A stock solution of 1 M in DMEM/F12 medium

cAMP assay
After 24 h stimulation, the cells were washed twice with D-Hanks, and lysed using 100 μL 0.1 M HCl buffer containing 1 mM PMSF. The content of cAMP in the cell lysate was detected using EIA Kit (Cayman, Germany, Item No. 581001, Intra-assay CV < 11.5%, Inter-assay CV < 8.1%) according to the manufacturer's protocol with ELISA method. Total protein (TP) of the cell lysate was detected using a commercial kit (Thermo, USA) based on bicinchoninic acid (BCA) method [20] . The cAMP content of each well of cells was then normalized by the TP. Each sample included at least 3 replicates for experiment.
RNA extraction and Real-time quantitative PCR
Total RNAs were extracted from cells after treatment using 
The Western Blot assay
After reaching confluence, PGCs were treated with presence or absence 5 mM BA in 24-well cell plates. After 24 h culture, cells were lysed in RIPA lysis buffer containing 1 mM PMSF. The total protein concentration was determined using BCA protein assays. After separation on 10% SDS-PAGE gels, the proteins were transferred to PVDF membranes, and then blocked with 5% (w/v) non-fat dry milk (B&D, USA)
in TBS containing tween 20 (TBST) for 2 h at room temperature. Subsequently, the PVDF membranes were incubated with the indicated antibodies, including rabbit anti-β-actin (1:1000, Bioss, bs-0061R), rabbit anti-Steroidogenic acute regulatory (StAR)
(1:500, sc-25806), rabbit anti-Steroidogenic factor 1 (SF1) (1:500, sc-28740), goat anti- 
The proteomic and pathway assay
Experiments for proteomic analysis were performed by PTM Biolab, Inc.
(Hangzhou, China). Briefly, after 24 h culture in 24-well cell plates, the protein sample was extracted and digested with trypsin, then labeled with TMT reagent kit with incubation for 2 h at room temperature and pooled, desalted and dried by vacuum centrifugation. The sample was then fractionated into fractions by high pH reversephase HPLC using Agilent 300 Extend C18 column (5 μm particles, 4.6 mm ID, 250 mm length). Next, the sample was then analyzed by LC-MS/MS, which the resulting MS/MS data were processed using Mascot search engine (v.2.3.0), and tandem mass spectra were searched against Uniprot Sus scrofa database (34,117 sequences). FDR was adjusted to < 1% and peptide ion score was set > 20. In this project, proteins expression of quantitative ratio over 1.3 was considered as up-regulation while quantitative ratio less than 1/1.3 (0.77) was considered as down-regulation (T test, P < 0.05).
Further, the bioinformatics methods, including Gene Ontology (GO)/protein annotation (Http://www.ebi.ac.uk/GOA/), KEGG pathway annotation, subcellular localization, were used to analysis and discover the target proteins/pathways.
Statistical analysis
All the data are expressed as means ± standard error of the mean (SEM). Significant differences between the control and the treatment were determined by IndependentSamples T test. One-way analysis of variance (ANOVA) was used to test the significant differences in cAMP signal pathway (SPSS 18.0, Chicago, IL). Differences were considered significant when P < 0.05. The synthesis of steroid hormones, including P4 and E2, are conducted by steroidogenic genes, includes StAR, SF1, P450scc and 3β-HSD. Here, the expression profile of StAR, SF1, P450scc and 3β-HSD mRNA (Fig. 4B) indicated that, 5 mM BA significantly inhibited the mRNA expression of StAR (P = 0.000), SF1 (P = 0.019) and P450scc (P = 0.000) respectively, but significantly promoted 3β-HSD mRNA expression (P = 0.000, Fig. 4B ). Accordingly, the protein expression profile of steroidogenic genes exhibited the similar pattern, 5 mM BA significantly decreased the SF1 and P450scc protein level (P = 0.015, P = 0.016, Fig. 4C ), however, no significant changes of StAR, and 3β-HSD were found by the treatment of 5 mM BA (P > 0.05).
Results
BA alters steroid
BA alters steroidogenesis via cAMP signaling pathway
To investigate whether the effect of BA on PGCs mediated via GPRs, we also detected the GPR41 and GPR43 mRNA expression in response to different doses of BA. In the figure 3A, we observed that 10 mM BA significantly elevated GPR41 mRNA (P = 0.000), but the 0.05 mM, 0.5 mM and 5 mM BA did not achieve significant effect. It is interesting that the GPR43, another member of GPRs family, was also strongly enhanced by 10 mM BA (P = 0.000), moreover, there have a dose-dependent effects with the BA of 0.5 mM, 5 mM and 10 mM (Fig. 3B ).
As shown in figure 5A, 5 mM BA significantly decreased the cAMP content (P = 0.000), which is the second messenger for steroidogenesis. FK works as the activator of cAMP, 10 μM FK significantly elevated the cAMP protein level (P = 0.000), and the mRNA expression level of StAR (P = 0.000), SF1 (P = 0.000), P450scc (P = 0.000), and 3β-HSD (P = 0.000) (Fig. 5D , E, F and G), stimulated the secretion of P4 and E2 (P = 0.000, 0.009) ( Figure 5B and C). Importantly, 5 mM BA co-treatment with 10 μM FK significantly inhibited the of promotion action of FK on the secretion of P4 and E2
(P = 0.000), as well as the mRNA expression of cAMP down-stream genes, including StAR (P = 0.000), SF1 (P = 0.000) and P450scc (P = 0.000) (Fig. 5D , E and F), but did not reverse the effects on the 3β-HSD mRNA level and the cAMP content.
In contrast to FK, BPC works as the inhibitor of cAMP, 2.3 μM BPC significantly down-regulated the cAMP level (P = 0.000, Figure 5A ) and the mRNA level of StAR and P450scc, inhibited the secretion of P4 (P = 0.000) ( 
The proteome and KEGG pathway analysis
In order to explore the potential mechanisms for BA's effects on steroid hormone secretion of PGCs, we used Global Proteome and KEGG pathway annotation in Sus scrofa to analyze metabolic pathways and gene trans-activation networks that are altered by 5 mM BA treatment. As shown in Table 2 , 5 mM BA significantly up-regulated the Steroid biosynthesis signaling pathway (P = 0.002), which is closely related to the P4 and E2 synthesis. In addition, 5 mM BA also up-regulated ribosome and amoebiasis signaling pathway (P = 0.022).
In contrast, some metabolic signaling pathways activity were down-regulated by the 5 mM BA, which including the protein digestion absorption (P < 0.001), ECMreceptor interaction (P < 0.001) and PI3K-Akt (P < 0.001), cAMP signaling, calcium signaling, etc. (Table 1 ).
Using TMT labeling and HPLC fractionation followed by high-resolution LC-MS/MS analysis, quantitative global proteome analysis was performed. We identified a total of 21 up-and 43 down-regulated proteins (Table 3) . Afterwards, according to GO annotation information of identified proteins, we observed that the I3L7K2 and I3LM80 proteins, which were up-regulated by 5 mM BA treatment, belongs to the reproductive process of GO terms level 2. Further, we observed that 5 mM BA significantly decreased the protein level of F2Z5G3, which is the one signal molecular of the cAMP signaling pathway, calcium signaling pathway, and membrane of GO terms level 2 (Table 4) . These pathways play an important role in the regulation sex hormone secretion, such as P4, E2 and testosterone.
Discussion
This study for the first time observed that BA could directly regulate the P4 and E2 secretion in PGCs. In PGCs, StAR, the rate-limiting factor in hormone-dependent steroidogenesis, transports cholesterol from the outer to the inner mitochondrial membrane, and makes it available for P450scc utilization [21, 22] . StAR knockout mice lost the ability of steroid synthesis [23] . Mitochondrial enzyme P450scc can catalyze the synthesis of cholesterol to pregnenolone. And the conversion of pregnenolone to P4
is catalysed by microsomal enzyme 3β-HSD. SF1 is the transcription factor that controls the expression of the steroidogenic genes. Impairment of SF1 expression in granulosa cells resulted in multiple defects, such as abnormal estrous cycle, infertility, and reduction of steroidogenesis in female mice [24] . Researches indicated that, the suppression of P4 production in granulosa cells was accompanied by the downregulation of the expression StAR, P450scc and 3β-HSD [25] [26] [27] . In consistent with above researches, we observed that 5 mM BA decreased the gene expression of SF1 mRNA and protein, down-regulated StAR and P450scc mRNA expression.
However, the effects of 5 mM BA on the mRNA level of 3β-HSD and E2 were not consistent with the inhibitory action of BA on StAR and P4. Sirotkin et al. (1995) observed that estrogen can down-regulated the level of cAMP and P4, but P4 obviously stimulated the cAMP production in human granulosa cell culture [28] . It indicated a feedback regulation mechanism of steroidogenesis within the granulosa cells. Low dose of BA (0.05 mM) up-regulated P4 secretion greatly and slightly stimulated E2 secretion, whereas high dose of BA (5 mM and 10 mM) obviously evaluated the E2 secretion but significantly decreased the P4 level. Thus the inhibitory effects of 5 mM BA on the level of cAMP, and the expression of StAR and SF1, and the secretion of P4 may due to the feedback regulation of high level of E2. In addition, the protein levels of D0G6X3
(Farnesyl-diphosphate farnesyltransferase 1) and A7L861 (Squalene epoxidase) were up-regulated by 5 mM BA in the proteomic data (Table 3) , and both of them have roles in promoting the cholesterol synthesis [29] . Sun et al. (2011) reported that, the expression of 3β-HSD mRNA in PGCs was increased with the size of follicular, larger follicles PGCs expressed higher than small and medium follicles [30] . And, larger follicles PGCs secret high level of E2, the different size follicles have different steroid hormone level, and the ratio of E2 to P4 in follicular fluid is associated with the 3β-HSD expression [30] . In present study, the ration of E2 to P4 in the PGCs culture medium had the similar variation pattern as the 3β-HSD mRNA when the PGCs were challenged with BA, FK, BPC, BA + FK or BA + FK. Thus, the synthesis of steroid hormones in
PGCs are depend on the activity of the steroidogenesis genes, whereas the steroid hormone level in PGCs culture medium or follicular fluid may influence the expression of steroidogenesis genes. Further, the growing granulosa cell also secretes androgen, the another precursor of E2 [31, 32] , the 3β-HSD response for the conversion of androstenediol to testosterone [33] , thus the increased 3β-HSD in present trial may cause more testosterone secretion. CYP19A1 is the rate-limiting gene for regulating the conversion of androgen to E2 [34] . Whether and how BA effect on the androgen synthesis and the expression of CYP19A1, what roles of them involved in the feedback loop needs to be elucidated in the future.
There is no data indicate the BA concentration in the ovary and follicular fluid of pigs, whereas the plasma BA concentration was about 15~30 μM in sows and varied with the amount of DF they ingested [35] . Usually, the biochemical composition of the follicular fluid are well correlated with the serum composition, including Na + , K + , Cl -, glucose, lactate, β-hydroxybutyrate, urea, total protein, triglycerides, non-esterified fatty acids (NEFA) and total cholesterol [36, 37] . In present in vitro trial of PGCs, we screened out the effective dose of BA on the secretion of P4 was more than 0.05 mM, and the effective dose for E2 secretion was more than 5 mM. Typically, when one of GPRs binds to its particular ligand, the receptor either stimulates or inhibits the production of cAMP, and amplifies the signals. In MA-10 mouse Leydig tumor cells, cAMP coordinately stimulated the expression of StAR protein and mRNA, which were consistent with high level of P4 production [45] . BPC is the inhibitor of the cAMP, it could significantly inhibit the cAMP production, and its downstream genes including P450 gene expression [46] . And here in PGCs, 5 mM BA had the similar action as the BPC, it greatly inhibited cAMP production, and In addition, BA treatment up-regulated ribosome and amoebiasis signaling pathway, down-regulated some metabolic signaling pathways activity, which including the protein digestion absorption, ECM-receptor interaction and PI3K-Akt. Further, according to GO annotation information of identified proteins, we observed that the I3L7K2 and I3LM80 proteins, which were up-regulated by 5 mM BA treatment, belongs to the reproductive process of GO terms level 2. These results are consistent with previous researches, that SCFAs may serve as the energy source to attend metabolism [53] , it also may work as signaling substance to regulate hormone secretion, anti-inflammatory reaction and apoptosis [11] . This implicated that, the effects of BA on PGCs contain multi-signaling pathway and functions, but the individual mechanism and inter or cross talking actions remain to be elucidated.
In summary, the present study for the first time demonstrated that BA regulated the P4 and E2 synthesis in PGCs via the cAMP signaling pathway, which may be mediated through GPR41/43. These findings raised a possibility that SCFAs, main microbial metabolites of DF fermentation, may regulate the animal reproduction through the cAMP signaling pathway, however, the details mechanism requires further study.
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